At depths of 2,000 to 3,000 m, seamounts from the Cape Verde archipelago (Central Atlantic Ocean) are largely covered with ferromanganese crusts. Here we studied 60 to 150 mm thick crusts from the Senghor Seamount (depth: 2257.4 m). The crusts have a non lamellated texture and are covered with spherical nodules. The chemical composition shows a dominance of MnO 2 (26.1%) and Fe 2 O 3 (38.8%) with considerable amounts of Co (0.74%) and TiO 2 (2.1%). Analysis by scanning electron probe microanalyzer (EPMA) revealed a well defined compositional zonation of micro-layers; the distribution pattern of Mn does not match that of Fe. Analysis by high resolution scanning electron microscopy (SEM) revealed that coccospheres/coccoliths exist in the crust material as microfossils; most of the coccospheres/coccoliths are not intact. The almost circular coccoliths belong to the type of heterococcoliths and are taxonomically related to species of the family Calcidiscaceae. By energy dispersive X-ray spectroscopic analysis an accumulation of the coccoliths in the Mn-and Fe rich micronodules was detected. Focused ion beam assisted SEM mapping highlighted that the coccoliths in the crust are Mn rich, suggesting that the calcareous material of the algal skeleton has been replaced by Mn-minerals. We conclude that a biologically induced mechanism has been involved in the formation of the crusts, collected from the Cape Verde archipelago from depths of 2,000 to 3,000 m in the mixing region between the oxygen-minimum surface zone and the oxygen-rich deep waters; the deposition process might have been triggered by chemical reactions during the dissolution of the Ca-carbonate skeletons of the coccoliths allowing Mn(II) to oxidize to Mn(IV) and in turn to deposit this element in the crust material.
Seamounts, undersea mountains with heights of above 1,000 m that are usually of volcanic origin, are highly abundant in the Pacific Ocean (about 30,000), but occur also in the Atlantic (about 1,000) and Indian Oceans [1, 2] . At depths between 1,000 and 3,000 m ferromanganese crusts are formed on the seamounts at the interface of waters of the oxygen-minimum-zone (OMZ), from the surface, and the oxygen-rich deep waters. African west coast upwelling mainly influences OMZs at Senghor Seamount. The oxygen poor water masses are trapped in a cyclonic circulation cell between the Cape Verde Islands and the African shelf [3] .
The oxygen-rich deep waters originate from the Antarctic Bottom Water (AABW) and the North Atlantic Deep Water (NADW) [4] [5] [6] . Other sources of oxygen rich water are the North Equatorial Countercurrent (NECC) and the North Equatorial Undercurrent (NEUC) [3, 7] . At the boundaries between oxygenated water masses and the oxygen-depleted-zone the oxidation of Mn(II) to Mn(IV)O 2 occurs. Hydrogenous Fe-Mn oxide accretion ranges from 1 to 5 mm/Myr for crusts [8] and deep sea ferromanganese nodules [9] , and is neither regular nor continuous [9] . The Mn-mineral deposits that are formed comprise mixed and staggered layers of Mn-and Fe-rich oxides stemming from the respective mixed colloids [10, 11] . This layered stacking of Mn-and Fe-rich minerals in crusts has recently been outlined by Wang et al. [12] . Crust thicknesses range from < 1 mm up to 240 mm; on average, hydrogenous crusts reach a thickness between 20 and 40 mm [13] . For the major components of the crusts, Mn and Fe, these crusts have been termed ferromanganese depositions [14] . Chemically, the major deposits are vernadites [(Mn 4+ , Fe 3+ , Ca, Na)(O, OH) 2 • nH 2 0], which also contain minor metals, such as Co and Ni. A further important metal-forming crust phase is made of amorphous FeOOH • xH 2 0 that serves as a matrix for the deposition and incorporation of neutral and anionic metal species [10, 11] .
Until recently, the (potential) role of biological processes during ferromanganese crust formation remained controversial. Considering only abiogenic processes for the hydrogenetic formation of crusts (MINERALIZATION OF CRUSTS) the composition of the ferromanganese crusts might be controlled only by the metal supply from the water column [14] . However, in recent years, by application of high-resolution microscopic and spectroscopic techniques, it could be demonstrated that ferromanganese crust formation involves also a biogenic component (BIOMINERALIZATION OF CRUSTS). The concept of biomineralization bases on the observation that biologically formed matrices trigger the initiation of mineral formation (BIOLOGICALLY INDUCED MINERALIZATION) and/or the control of growth and morphology of those minerals (BIOLOGICALLY CONTROLLED MINERALIZATION) [15] [16] [17] . An example of biologically induced mineralization is the mineral deposition on bacteria that act as bio-seeds during the initiation of Mn-nodules formation [18] . During their formation Mn(II) is oxidized to Mn(IV) either enzymatically (Mn-oxidization) [19] or non-enzymatically (like on bacterial S-layers) [20] under formation of micronodules. The growth process of the micronodules is further supported by biofilms that are produced by the bioseed forming bacteria [21] . It should be noted that in micronodules the microorganisms are concentrated in the Mn-rich layers and absent in the Fe-rich layers [22] . The processes of biologically controlled mineralization can be observed in many uni-and multicellular organisms, e.g. in diatoms [23] , which form their skeletal elements, the frustules, on a silaffin template. A special form of those biomineralization processes is the biologically controlled mineralization catalyzed by enzymes. Until now, only the siliceous sponges are known to form a mineral, poly(silicate), from the monomeric precursor ortho-silicate enzymatically by using silicatein [24, 25] .
Since the discovery that the formation of ferromanganese crusts also needs a biological component for mineral deposition, they can be considered as biominerals {reviewed in [26] }. As outlined above, the hydrogenous deposition of crusts occurs on the surfaces of exposed rocks on seamount slopes in the above mentioned mixing zone between the surface oxygen-minimum-zone and the oxygen-rich deep waters. In parallel, and even at the initial phase, the biologically formed components promote mineral deposition in the ferromanganese crusts, as recently demonstrated by us [12, 26] ). The biological components that are principally involved in the directed deposition and mineralization of the crusts are coccolithophores whose coccospheres are formed from individual plates of calcium carbonate (CaCO 3 ) coccoliths [12] . Coccolithophores grow abundantly in the surface photic zone (< 100 m) in the oceans [27] . Our earlier studies revealed that in crusts collected from depths > 1000 m the coccospheres/coccoliths are composed of Mn-oxide instead of the expected CaCO 3 [12, 26] . The theoretical background for the explanation came from studies of Halbach [9] , who proposed that during dissolution of CaCO 3 from coccoliths hydroxyl groups are released [CaCO 3 + H 2 O → Ca 2+ + HCO 3 -+ OH -]. The resulting slightly alkaline milieu promotes oxidation of Mn(II) to Mn(IV) [MnO 2 ]. This assumption has also been thermodynamically substantiated [10, 11, 28, 29] . Furthermore, it is notable that the deposits of coccospheres/coccoliths are only found in regions comprising Mn, but not in Fe-rich layers. Growth of the initial Mn depositions around the coccoliths may proceed through an ''auto''-catalytic process [30] .
In the present study, the biogenic component participating in the formation of the ferromanganese crusts was determined in samples collected from a depth of 2,250 m at the Senghor Seamount [Cape Verde]. Our data provide first experimental evidence that, like crusts from the Pacific Ocean [12] , crusts from the Atlantic Ocean contain large quantities of coccoliths whose calcareous skeletons have been exchanged by Mn-oxide. Since such exchange processes in coccoliths have now been documented for crusts from both the Pacific and Atlantic Oceans, we propose that coccoliths are the major components for a biogenic initiation of crust formation and the subsequent growth of that biomineral.
Results
The ferromanganese crust samples were collected from a depth of 2257.4 m on the western slope of the Senghor Seamount, as described under "Materials and Methods" (Figure 1 ).
CTD profiles:
Oxygen profiles recorded revealed a very shallow oxygen minimum zone (OMZ), starting between water depths of 40 to 50 m. The OMZ stretched from 1200 m down to 1300 m water depth ( Figure 2 ), mixing there with the highly oxygenated deep waters. Stations 840 and 844 showed the shallow character of the OMZ above the peak. The oxygen profiles recorded at Stations 882, 885 and 896 showed small increases in oxygen concentration at a water depth of 300 m. All three stations are situated at the northern slope of the seamount. The other profile, at Station 875, showed a similar oxygen gradient; that site is located close (5 km) to the collection site of the crusts.
The property-property plots of potential temperature () versus salinity ( Figure 3A ) reflected the Antarctic Intermediate Water (AAIW) at 6-7°C ( 600-900 m) and, in addition, the central water masses between 35.5 to 36 PSU [practical salinity unit]. Furthermore, the plots summarizing salinity versus oxygen ( Figure 3B ) showed also the correlation between the AAIW, with an oxygen minimum at 35.4 PSU, and the well-aerated water masses Morphology of the crusts: The samples studied in detail had a size of 60 mm to 150 mm ( Figure 4A to C). The color of the crust was dark brown. The surface of the crust showed nodular/spherical convexities of highly globular dimensions (7 to 12 mm) ( Figure 4A ), which we just term nodules so as not to imply any genetic or functional suggestion. The base of the crust was firmly attached to the volcanic basaltic rock ( Figure 4B) .
A cross section through the crust sample does not show any lamination or texture ( Figure 4D ), as seen in other crusts [29] . This finding might imply that no severe changes in the environmental conditions occurred during the hydrogenous formation of those crusts. A zone of different color is seen at the base of the crust; there, a 6 mm thick layer had been formed that appears less bright ( Figure 4C ). At the microscopic level the upper layer (25 mm) close to the surface is composed of small globular grains (diameter: 250 to 450 µm; Figure 4E and F). These entities, that we named micronodules, are cemented together by small sized sediments composed of silica-rich and Mn-poor material (to be published). Chemical composition of the crust: The average inorganic chemical content of the crust sample upper layers (25 mm) was as follows: MnO 2 : 26.1 % (w/w); Fe 2 O 3 : 38.8%; Co: 0.7%; Ni: 0.2%; Cu: 0.04%; TiO 2 : 2.1%; P 2 O 5 : 1.5%; Nb: 0.01%; V: 0.09%; Y: 0.03%; Zn: 0.06%; Zr: 0.06%; SiO 2 : 7.3%; Al 2 O 3 : 2.9%; MgO: 2.3%; CaO: 3.5%; Na 2 O: 1.5%; K 2 O: 0.4%; Sr: 0.2%; Ba: 0.2%; Pb: 0.2%; and As: 0.05%. The Mn/Fe ratio was 0.78. The average content of P was low (<2%), indicating that the samples studied here originated from non-phosphatized crusts and represent the original property of the crust [14] and hence are suitable for investigations of the (potential) participation of biogenic processes during the formation of the ferromanganese crust.
Scanning analysis by electron probe microanalyzer (EPMA): The regional elemental distribution within the upper layer of the crust was analyzed by EPMA. The SEM [scanning electron microscopy] back-scattered image shows a well defined compositional zonation/relief built of micro-layers of a thickness of 10 to 20 µm ( Figure 5A ). The elemental analysis shows that the crust contains P with a distribution pattern that follows the relief ( Figure 5B ). Very distinct are the distribution patterns for the elements Mn ( Figure 5C ), Fe ( Figure 5D ) and Co ( Figure 5E ). Especially pronounced and zoned is the distribution pattern for Mn. The areas of higher levels are relatively sharply delimited from the lower level regions. The spot size is a maximum of 70 µm ( Figure 5C ). In contrast, the element map for Fe ( Figure 5D ) is more homogenous and more large-scale; moreover, it also overlays the more concentrated regions for Mn. The patterns for Mn and Fe suggest that the organizing centers for mineralization are in the region of high Mn level rather than Fe. Interesting is also the fact that the pattern of distribution for Co is marked and not homogeneous ( Figure 5E ) and, moreover, does not overlap with the one of Mn. In parallel with Co, Ca ( Figure 5G ) also co-deposits with Fe, as described before for the Pacific crusts (Wang and Müller [26] ). In addition, the maps for Mg ( Figure 5H ), Si ( Figure 5I ) and Al ( Figure 5J) show a close to continuous signal recording. Figure 6A ). At higher magnification, the contours within the coccolith clusters become visible ( Figure 6B) showing that the central core of the coccolith circles remained more resistant to disintegration ( Figure 6C ). The borders of the micronodules, which harbor the coccoliths and the adjacent agglutinating interstitial material, are easily distinguished by the differences in the fracture plane ( Figure 6D ).
If isolated, the coccoliths show an almost circular morphology and belong to the type of heterococcoliths, formed by a radial array of crystal units [31] . More specific, they can be subdivided to the "placoliths", characterized by the distal shields and the proximal shields that are connected by a tube ( Figure 6E ). According to their morphology they might be ascribed to the family Calcidiscaceae comprising the sub-vertical (V-units) c-axes [31, 32] . The inner tube elements are frequently seen in the preserved coccoliths ( Figure 6F to H) . The protococcoliths [33] forming the ring are often seen in clusters within the coccolith nests ( Figure 6I and J) . The diameter of those structures/unit rings is between 20 and 50 nm. The gradual disintegration of the coccolith elements is seen in Figure 6K and L.
Micronodules/interstitial material: Two different areas within the crust, the micronodules and their surrounding interstitial materials, have been analyzed by EDX spectroscopy (Figure 7) . For the analyses, 5 µm 2 squares were selected for each measurement. Determinations within a micronodule ( Figure 7A to C), composed of different amounts of coccoliths, revealed, besides signals reflecting the presence of Si and O, those for Mn, Fe and Ca ( Figure 7A-3 to C-3) . In contrast, the interstitial material into which the micronodules are embedded ( Figure 7D ) showed distinct peaks for only Si and O ( Figure 7D-3 ). Elemental mapping: FIB-assisted SEM: FIB [Focused-Ion-Beam]-assisted SEM has been applied to analyze the element distribution over the coccoliths (Figure 8 ). The area where the mapping had been performed is shown by secondary electron microscopy; the morphology of the coccoliths with their central areas, that appear as holes, can be resolved ( Figure 8A ). The highest signals have been recorded for oxygen ( Figure 8B ) and manganese ( Figure  8D) ; they are displaying the contours of the coccoliths. Faint contours could be resolved for calcium ( Figure 8C ), aluminum ( Figure 8F ), magnesium ( Figure 8G ) and potassium ( Figure 8H ). No resolution with respect to the morphology of the coccoliths could be obtained for iron ( Figure 8E ), carbon ( Figure 8I ) and phosphorus ( Figure  8J ).
Discussion
Manganese crusts are deposited on seamounts below a depth of 1,000 m and can be found on their slopes down to 3,000 m. With reference to their Mn/Fe ratios (approximately 1), a hydrogenous origin of the crusts has been proposed [see 14] . The crust sample studied here displays the highest percentage levels for Mn (MnO 2 of 684 Natural Product Communications Vol. 6 (5) 2011
Wang et al. 26 .1%) and Fe (Fe 2 O 3 : 38.8%). The Cape Verde crusts are Co-rich with approximately 0.8% [34] , a content that had been determined in crusts from the Mid-Pacific Mountains from a depth of around 2,000 m, the same depth as that at which the Cape Verde crusts had been collected. The Mn/Fe ratio calculated from them is 0.78, indicating that those crusts have a lower Mn content compared with that determined in crusts from the Mid-Pacific Mountains. Besides the dominant elements of Mn and Fe substantial amounts of Co, Ni, Cu and Ti have been identified, elements characteristically co-precipitating with Mn and Fe in crusts [29, 34, 35] and being of economic interest. The low content of P (<2%) was taken as an indication that the sample studied here did not change its chemical composition significantly after its formation [14] , and in turn is suitable for a search for microfossils.
Initially the Co-rich ferromanganese crusts had been considered as totally abiogenic, hydrogenous Mn-crusts [31] . The formation of the crusts had been explained on the basis of the inorganic/physical-chemical conditions of the deep sea at the regions where the crusts are formed (1,000 to 3,000 m). At the surface of the oceans the concentrations of Mn and Fe are higher than in the deepsea. The levels drop considerably in a depth range of 200 -600 m and subsequently increase significantly in the range of 1,000 to 2,000 m. At a depth of 1,000 m the concentration of dissolved Mn [particulate Mn] is 0.3 nmol/kg [0.08 nmol/kg] and the concentration of dissolved Fe [particulate Fe] is 0.5 nmol/kg [0.2 nmol/kg] [36] . The concentration of Fe remains at this level down to 5,000 m, while that of dissolved Mn drops to 0.1 nmol/kg. The pH values in the ocean also show a characteristic profile; a sharp drop at the surface (down to 250) from 8.5 to 7.6, a subsequently increase to 7.62 (1,000 m), and further on to 7.75 (3,000 m) [37] . A similar vertical profile has been recorded for oxygen. At the surface, the dissolved oxygen is high, but drops close to zero at a depth of 300 m, then rises again at a depth of 3,000 m to approximately 25% of the levels of the surface zone [36] . The temperature in the ocean drops from the surface levels down to 1.5 to 1.7°C at depths between 3,000 and 6,000 m [42] ; the thermocline is in a depth range between 700 to 1,100 m.
Crucial for the understanding of the biogenic genesis of crusts is the existence of a mixing zone between the oxygen-minimum-surface waters, and the oxygen-rich deep water at depths of 1,000 to 3,000 m. In this region the ferromanganese crusts are formed. The OMZ at Senghor Seamount extends from 50 m down to 1,300 m; it reaches its absolute minimum between 200 and 800 m [3, 7] . The Senghor Seamount is located in the region of the Cape Verde Frontal Zone (CFZ), and there, in the so-called shadow zone. This dynamically very complex region separates the more saline North Atlantic Central Water (NACW) from the less saline South Atlantic Central Water (SACW) [5] . The OMZ comprises the central water and the Antarctic Intermediate Water (AAIW) layers and is located between the Equatorial Current system and the North Equatorial Current. The North Equatorial Counteras well as Undercurrents passing off at 3° to 6° N are major oxygen sources for the central water layer of the low-oxygen regions existing in the northeastern tropical Atlantic. A second, northern North Equatorial Countercurrent (nNECC) zone exists at 8° to 10° N. The nNECC carries oxygen-rich water from the southern hemisphere eastward partially mixing with the water from the northern hemisphere [3] . Below these water layers (>1,200 m) the NADW transports oxygen-rich water to the south close to the Mid-Atlantic Ridge at the equator. In Biogenic processes during formation of Senghor Seamount crusts Natural Product Communications Vol. 6 (5) 2011 685 addition, the water layers between 3,000 m and the bottom are aerated by AABW, which transports oxygen-rich water from the southern hemisphere to the north [38] . Samples from those regions have been analyzed during the M79-3 cruise in October 2009.
From the western slope of the Senghor Seamount, crusts have been collected to search for potential dominant micro-fossils that might act as bio-seeds for crust formation [26] . Recently, in samples from the Pacific Ocean, coccoliths had been identified as bio-seeds around which crusts start to grow and increase in thickness. Coccolithophores are the most abundant biomineralforming organisms in the oceans and are composed of Cacarbonate [27] ; other biominerals, such as bio-silicate formed by sponges, protozoans and algal taxa are less frequently deposited [see: 39, 40] . However, the coccolithophores grow only in the photic zone, down to 100 m [16, 41] and in some regions in the Indian Ocean in a depth as low as 120 m [42] . Since the calcareous plates of coccolithophores [coccoliths] are more resistant than the Ca-carbonate skeletal elements from foraminifera and pteropods, the coccolithophores/coccoliths dissolve in deeper regions in the ocean below the "Aragonite Compensation Depth" within the "Lysocline" [26, 43] . The depths of these zones depend on the temperature, amount of dissolved CO 2 and the overall chemistry of the ocean waters. The chemical lysocline zone exists at depths between 4,000 and 4,500 m in the Atlantic Ocean and at 3,000 m in the Pacific Ocean [44, 45] , while the aragonite compensation depth is found at significantly shallower depths. However, it has been stressed that the principal part of the Ca-carbonate based skeletal material dissolute, perhaps as much as 60-80%, is in the upper 500-1,000 m of the ocean, well above the chemical lysocline [46] .
In the present study we report that crusts from the Cape Verde region collected from a depth of 2,257 m contain, as the only detectable microfossils, large amounts of coccoliths. This finding corroborates our earlier report on crusts collected from the Magellan seamounts in the western Pacific Ocean [12] . These two reports obtained from crusts of the Pacific Ocean and the Atlantic Ocean both underline that coccoliths represent a significant biogenic component, as microfossils, in those crusts. It has been described that one portion of the coccolithophore mass that is produced undergoes direct dissolution while the remaining part is embedded into or attached to marine snow, which allows the organic matter to sink {reviewed in [47] }. In turn, coccoliths are the main driver of the open ocean organic carbon pump. Even though the large abundance of coccoliths in the deep sea sediments is well established [27, [48] [49] [50] ), their importance for the formation of seamount crusts as bio-seeds and the subsequent growth of the crusts has only recently been highlighted [12, 26] . As outlined above, the exchange of Ca-carbonate by Mnoxide in the coccoliths drives the initiation phase of crust formation, followed by a layered Mn-oxide -Fe-oxide growth of the crust. The reactions are promoted by a free energy drop as a consequence of CaCO 3 dissolution (from coccoliths) via the intermediate Mn(II)CO 3 to the final Mn(IV)O 2 mineral in the crusts. These reactions are augmented by pH shifts and concentration differences [22] .
In conclusion, the crusts collected from the Cape Verde archipelago from a depth of 2,257 m are rich in coccoliths that have undergone a replacement of their inorganic Cacarbonate skeleton by Mn-oxide. This reaction occurred at a depth of 2,000 to 3,000 m within the mixing region formed by the oxygen-minimum-surface zone and the oxygen-rich deep waters. Since crusts from the major collection areas, the Pacific Ocean (2,250 m depth from the Magellan seamounts) and the Atlantic Ocean (here Cape Verde archipelago; 2,257 m depth at the Senghor Seamount) show the same abundance of coccoliths as the only microfossils and the same element replacement pattern in their skeleton, we strongly propose that these single-celled algae represent the biogenic component during crust formation.
Materials and Methods

Ferromanganese crust: samples and sample location:
The ferromanganese crusts (labeled ME793/949) were collected during the Cruise M79/3 of the research vessel "METEOR" on slopes of the Senghor Seamount at the Cape Verde archipelago [17º 11.41' N / 22º 4.73' W] in the tropical North Atlantic Ocean in autumn 2009. The volcanic activity associated with the Cape Verde hotspot probably started during the Late Oligocene or Early Miocene. This seems to be the age of the oldest exposed lavas in the archipelago that are unequivocally associated with hotspot activity [51] . The Senghor Seamount is located about 50 nautical miles northeast of the Cape Verde island, Sal [52] ( Figure 1A ). This seamount rises from a depth of 3,500 m to a submersed peak plateau of 60 m ( Figure 1B) . There, the dimensions are about 5.3 km (longitudinal to the North) to 2.6 km (across East-West). The sampling site is located on the western slope of the seamount ( Figure 1B) . The crusts were dredged with a chainbag-dredge from depths between 1892 and 2,257 m. The samples were continuously kept in a humid chamber of relative humidity between 70 and 80% in order to avoid any crumbling.
Multibeam bathymetry:
To allow efficient and economic bathymetric mapping in shallow and in deep waters, the EM120 multibeam echo-sounder (Kongsberg Maritime, Kongsberg; Norway) had been installed on the R/V METEOR. The transducers (receiving and transmitting units) had been positioned at the ship hull. The EM120 deep-sea echo-sounder used a frequency of 12 kHz with a 150° fan (across track width). One single ping obtained 191 beams with an actual footprint of 1° by 2°. A setting for the beam spacing had been selected to the equidistantmode on the bottom in order to ensure a regular point allocation. The swath width depended on the water depth and achieved coverage of up to 6 times the water depth. The depth measurements were performed during a twoway travel time of the sounding records and were adjusted to the known water sound velocity. The sound velocity profile of the full water column was derived from the conductivity, temperature and depth (CTD) measurements, which were routinely accounted for every depth measurement obtained from the multibeam. The ship movements were recorded by a motion sensor and the corrections were applied to all measurements. A positional accuracy of 5 m was achieved by the differential Global Positioning System (GPS). Raw multibeam data were obtained by the acquisition software, which had been connected with the motion sensor and the position sensor, and released the recorded data and their corrections into one raw data file. Several software packages were used to process and map the raw information. MB-System software was used to process the data, which included checking of the navigation data, the sound velocity profile and a removal of erroneous depth measurements. The resulting xyz-data were imported to a Geographic Information System (GIS), Arc-View 3.2 a (ESRI [1999]http://www.esri.com/). The dot data were converted to a Triangulated Irregular Network computed for 3dimensional illustration of the Arc View 3-D-Analyst data ( Figure 1B) .
For profile planning, the General Bathymetric Chart of the Oceans (GEBCO; http://www.gebco.net/) was used together with the planning modules of the Global Mapper and OFOP (http://www.globalmapper.com/). The backscattered strengths of the received acoustic signals were processed and converted into a mosaic imagery. The mosaic backscatter imagery provided insights into the structure and composition of the sea floor [53] . The reflected backscattered signals from a hard and rocky seafloor were much stronger than those obtained for a soft sea-floor (e.g. mud or sand). The multibeam survey of Senghor Seamount proved to be difficult due to the limited swath width variations. The swath width in 3500 m depth was found to be 15,000 m and in a 100 m depth of around 200 m. A profile planning of a regular raster over the Seamount left gaps in the shallow areas and overlapping swaths in deeper areas. To avoid this effect, the survey profiles were planned like a spiral over the Seamount with a slow and continuous depth increase. During the cruise M79/3, Senghor Seamount was completely bathymetrically surveyed; an average survey speed of 5.5 knots and a total survey duration of approximately 24 h was made possible.
Oxygen profiles: The water column was analyzed using a Seabird CTD-System (SBE 911plus) equipped with a Seabird Oxygen sensor (Sea-Bird Electronics, Bellevue, WA; USA). Temperature and salinity were determined using the internal sensors of the Seabird CTD-System. Oxygen values recorded from the CTD-Casts were calculated/calibrated against water sample determinations performed using the Winkler titration method [54] .
Element composition of the crust:
The element composition of the crust was determined by X-Ray Fluorescence (XRF) according to the method published by Wang et al. [55] .
Digital light microscopy:
The analyses were performed with a VHX-600 Digital Microscope from KEYENCE (Neu-Isenburg; Germany), equipped either with a VH-Z25 zoom lens [magnification from 25x to 175x] or a VH-Z50 long-distance high-performance zoom lens [with a magnification of up to 500x].
Electron microscopy: High resolution scanning electron microscopy (HR-SEM) was employed to study the microfossils of the crust. For this purpose, cleaned samples were mounted onto aluminum stubs (SEM-Stubs G031Z; Plano, Wetzlar; Germany). Subsequently, electron microscopic inspection was performed with a Gemini Leo 1530 high resolution field emission scanning electron microscope (Oberkochen; Germany).
Spectroscopy: EDX and EDX mapping:
Energy dispersive X-ray spectroscopy (EDX) was performed with an EDAX Genesis EDX System attached to a scanning electron microscope (Nova 600 Nanolab; FEI, Eindhoven; The Netherlands) operating at 15 kV with a collection time of 30 sec. Areas of approximately 20 µm 2 were analyzed by EDX.
X-ray maps (EDX maps) were obtained as follows: Samples were positioned 5 mm below the objective lens of the SEM (Nova 600) operating at 10 kV and tilted by 52º resulting in a perpendicular incidence towards the X-ray beam. Elemental distribution (mapping) of the crust samples were qualitatively generated by energy dispersive X-ray spectrometry from EDAX (EDAX Division, Wiesbaden; Germany) coupled to a focused ion beam (FIB) assisted SEM at an operating voltage of 15 kV and a beam current of approximately 3.0x10 -9 A. The analytical system was calibrated using an internal standard. The data were analyzed using the KEVEX Advanced Imaging software (KEVEX Corporation, Foster City, California; USA). This software allows simultaneous display of SEM images and EDX analyses and thus, the EDX mapping area was then chosen to include the exact SEM imaging region. X-ray spectra were collected and elements of interest for mapping were selected by designating windows of different channels for the detection of the respective elements.
Electron probe micro analyzer (EPMA):
In order to semiquantitatively analyze the elemental composition, thin sections of the crusts were prepared and then investigated using an electron probe micro analyzer (EPMA). The surfaces of the sections were polished with diamond paper. Prior to analysis, these samples were coated with a 100 Åthick layer of carbon and then inspected with an electron probe micro analyzer connected to a wave dispersive spectrometry system (EPMA -electron microprobe), using a JEOL 8200 instrument. The operating conditions of the electron microprobe were 20 kV accelerating voltage, 20 nA current, and a spot size of 2 µm.
